for gestational diabetes on glucose tolerance testing in pregnancy, to optimize the detection of women who may be at risk of having a large-forgestational-age infant. 8 Another important factor relevant to the risk of macrosomia is maternal adiposity. 9 Indeed, the past decade has seen a marked increase in the prevalence of pre-existing obesity among pregnant women. 10 In the context of the current obesity epidemic, we hypothesized that, in women without gestational diabetes, maternal adiposity and its associated effects on circulating levels of adipokines (e.g., adiponectin and leptin) and inflammatory proteins (C-reactive protein) may now have a greater impact than glucose and lipid levels on fetal growth. We conducted this study to evaluate the independent effects of maternal glycemia, lipid levels, obesity, adipokine levels and inflammation on the infant birth weight in a cohort of women without gestational diabetes.
Methods
We conducted this analysis within an ongoing prospective observational cohort study, in which women are recruited at the time of antepartum screening for gestational diabetes and followed into the postpartum period. The protocol for the ongoing study has been described in detail previously. 11, 12 In brief, following recruitment late in the second or early in the third trimester, all participants undergo a three-hour 100-g oral glucose tolerance test. Based on the results, the women are classified as having gestational diabetes (defined as two or more glucose values above the National Diabetes Data Group threshold), 13 gestational impaired glucose tolerance (defined as only one value above the threshold) or normal glucose tolerance. 11 Serum and plasma samples are obtained at the time of this test for assessment of biochemical factors. Obstetric outcomes are assessed at delivery. The protocol has been approved by the Mount Sinai Hospital Research Ethics Board, and all participants have provided written informed consent.
For the current analysis, we included participants who were identified as having either gestational impaired glucose tolerance or normal glucose tolerance (including those with an abnormal screening glucose challenge test). We excluded women with gestational diabetes because the glucose-lowering treatment (diet or insulin) that they would receive to reduce the risk of excessive fetal growth would obscure the associations be tween maternal factors and birth weight. The study population was further restricted to white, Asian and South Asian women because these are the groups for which Canadian-based ethnicityspecific centiles of birth weight have been established. 14, 15 Lastly, the analysis was restricted to women with term (37-41 weeks' gestation inclusive) singleton pregnancies, because both prematurity and twin pregnancy can affect infant growth.
Biochemical analysis
Fasting serum samples for biochemical analysis were obtained at the time of the oral glucose tolerance test. Fasting insulin levels were measured with the Roche Elecsys 1010 immunoassay analyzer and electrochemiluminescence immuno assay kit (Roche Diagnostics, Laval, Quebec).
Levels of total cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides were measured with the Roche Cobas 6000 c 501 analyzer (Roche Diagnostics, Laval). Levels of low-density lipoprotein (LDL) cholesterol were estimated with use of the Friedwald formula. Apolipoprotein B and A-I levels were measured with the BN ProSpec System (Siemens Healthcare Diagnostics, Mississauga, Ontario).
Total adiponectin levels were measured with an enzyme-linked immunosorbent assay (Millipore Corporation, Linco Research Inc., St. Charles, Missouri). High-sensitivity C-reactive protein levels were measured by means of endpoint nephelometry with use of the BN ProSpec Analyzer and N high-sensitivity Creactive protein reagent (Dade-Behring, Mississauga). Leptin levels were measured by means of enzyme-linked immunosorbent assay (model EZHL-80SK, Millipore Corporation, Linco Research Inc., St. Charles). The intraand intervariation coefficients for these assays have been reported previously. 16 
Obstetric outcomes
At delivery, data were collected on the length of gestation, the infant's sex, birth weight and Apgar scores, and the mode of delivery. A largefor-gestational-age infant was defined as one whose sex-specific birth weight for gestational age was above the 90th percentile of Canadian fetal growth curves for the relevant ethnic group (white, Asian or South Asian). 14, 15 Macrosomia was defined as a birth weight of 4000 g or higher.
Statistical analysis
We assessed maternal glycemia according to glucose tolerance status and area-under-the-glucosecurve on the oral glucose tolerance test. We tested continuous variables for normality of distribution, applying natural log-transformations of Logistic regression analysis of the dependent variable (large-for-gestational-age infant) was performed with use of the same covariates as in the multiple linear regression analysis, except for length of gestation and infant sex because both of these variables are considered when defining large-for-gestational-age infants.
Sensitivity analyses were performed in which the homeostasis model assessment of β-cell function and insulin resistance was used in place of fasting insulin, and the area-under-the glucosecurve was used in place of gestational impaired glucose tolerance. These sensitivity analyses were performed to assess robustness of the findings upon adjustment for β-cell function, insulin resistance and a continuous measure of glycemia.
All analyses were performed with the use of Statistical Analysis System 9.2 (SAS Institute, Cary, North Carolina).
Results

Antepartum characteristics and obstetric outcomes
Of the 472 women included in our study, 368 had normal glucose tolerance and 104 had gestational impaired glucose tolerance. Overall, the infants had a mean birth weight of 3481 g (standard deviation [SD] 493 g), and 68 were large for gestational age at delivery. Table 1 shows the antepartum characteristics and obstetric outcomes stratified by tertile of infant birth weight. The three groups differed in ethnicity, with the lowest tertile having the greatest proportion of Asian and South Asian women. As expected, BMI before pregnancy differed across the groups and was highest in the top tertile of birth weight. Consistent with this difference in BMI, the top tertile also exhibited higher levels of fasting glucose, insulin and triglycerides, and lower levels of adiponectin.
At delivery, the top tertile had the longest length of gestation and the largest proportion of cesarean deliveries. Although the proportion of infants with an Apgar score below 7 at one minute differed significantly between the three groups, the proportion with a score below 7 at five minutes did not. As expected, there were no instances of macrosomia or large-for-gestationalage infants in the lower two tertiles.
Maternal factors associated with infant birth weight
The unadjusted associations between maternal and fetal factors and birth weight are shown in Table 2 . Length of gestation, male infant, BMI before pregnancy and weight gain during pregnancy up to the time of the oral glucose tolerance test were all associated with higher birth weight. South Asian ethnicity and adiponectin level were associated with lower birth weight. After adjustment for covariates, positive determinants of birth weight were length of gestation, male infant, BMI before pregnancy, weight gain during pregnancy up to the time of the oral glucose tolerance test and gestational impaired glucose tolerance. Leptin, adiponectin and C-reactive protein were each negatively associated with birth weight. This model explained 25.9% of the variance in birth weight.
On logistic regression analysis, the significant predictors of having a large-for-gestational-age infant, after adjustment for covariates, were Asian ethnicity (v. white) (OR 3.02, 95% CI 1.25-7.27), BMI before pregnancy (OR 1.16, 95% CI 1.05-1.27, per 1 kg/m 2 increase), weight gain during pregnancy up to the time of the oral glucose tolerance test (OR 1.12, 95% CI 1.05-1.19, per 1 kg increase) and leptin level (OR 0.50, 95% CI 0.30-0.82, per 1 SD change) (Figure 1, top panel) . Because Asian women were found to have a greater risk of ethnicity-specific large-for-gestational-age infants compared with white women, we repeated the logistic regression analysis and included only the white women (n = 388). In this analysis, BMI before pregnancy (OR 1.13, 95% CI 1.02-1.24, per 1 kg/m 2 increase), weight gain during pregnancy up to the time of the oral glucose tolerance test (OR 1.10, 95% CI 1.03-1.18, per 1 kg increase) and leptin level (OR 0.52, 95% CI 0.29-0.91, per 1 SD change) again emerged as significant predictors of large-for-gestational-age infants; being a former smoker (v. never smoking) also reached significance (OR 2.00, 95% CI 1.02-3.93) (Figure 1, bottom panel) .
The sensitivity analyses identified the same independent predictors on multiple linear regres- sion and logistic regression as those in Table 2 and Figure 1 (top panel), respectively.
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Interpretation
Our study yielded three key findings. First, the strongest determinant of infant birth weight and of having a large-for-gestational-age infant was maternal adiposity, with BMI before pregnancy and weight gain during pregnancy emerging as the strongest predictors for both outcomes in the fully adjusted analyses. This finding is consistent with those of previous studies, which suggests the central role of maternal weight as a determinant of birth weight. [17] [18] [19] Although the underlying mechanisms remain unclear, shared genetic factors may be relevant to both maternal adiposity and fetal growth.
Obesity is associated with pathologic sequelae, including chronic inflammation (increased Creactive protein level) and adipocyte dysregulation (increased leptin and low adiponectin levels). 20 In this context, the second key observation of our study pertains to the relative contributions of these obesity-related circulating factors. Specifically, we found leptin to be a significant negative predictor of both birth weight and large-for-gestational-age infant after adjustment for covariates, including BMI before pregnancy and weight gain during pregnancy. An inverse relation between leptin level and infant birth weight has been observed in some, though not all, previous studies. [21] [22] [23] [24] Of note, Verhaeghe and colleagues found that, compared with glucose, insulin, adiponectin and tumour necrosis factor-α, leptin was the mediator that was most strongly (and negatively) associated with birth weight. 23 Placental dysfunction has been suggested as a unifying mechanism underlying both fetal growth restriction and elevated maternal leptin levels (through increased placental production of leptin), al though this model remains speculative. 24 Like leptin, C-reactive protein also emerged as a negative determinant of infant birth weight in our multiple linear regression analysis. In the Hyperglycemia and Adverse Pregnancy Outcome Study, an inverse relation between C-reactive pro- tein level and birth weight was seen after adjustment for covariates, including maternal BMI. 25 The negative associations of leptin and C-reactive protein with birth weight became apparent in our study only after adjustment for covariates, including BMI before pregnancy. Thus, despite the elevated circulating levels of leptin and C-reactive protein in the setting of obesity (which itself is the primary determinant of increased birth weight), both of these proteins were found to be independently associated with decreased birth weight. Although the mechanisms are unclear, our data suggest that these factors may play a role in attenuating the pro-macrosomia effects of maternal Adjusted odds ratio (95% CI) adiposity. Overall, coupled with the inverse relation between total adiponectin level and birth weight, these data suggest a model in which fetal growth is influenced both positively and negatively by complex interplay between maternal adiposity and its associated circulating factors.
The third key finding from our study is that, although gestational impaired glucose tolerance was an independent predictor of birth weight in the multiple linear regression analysis, its im pact was relatively modest compared with that of BMI before pregnancy, weight gain during pregnancy up to the time the oral glucose tolerance test and the leptin level. Moreover, unlike the latter three factors, gestational impaired glucose tolerance was not a significant independent predictor of having a large-for-gestational-age infant. Similarly, none of the lipid measures was independently associated with birth weight or large-forgestational-age infant. These data suggest that maternal weight and its associated circulating factors have a greater impact on infant birth weight than do mild glucose intolerance and lipid levels in wo men without gestational diabetes.
This concept is consistent with findings from two recent studies addressing the relative effects of maternal obesity and glycemia on fetal growth. In a re-analysis of data from the Hyperglycemia and Adverse Pregnancy Outcome Study, Ryan recently showed that maternal BMI had a greater impact on the odds of having a large-for-gestational-age infant than did maternal glucose in all but the highest category of glycemia. 26 In addition, in a study involving Spanish women, Ricart and colleagues found that BMI before pregnancy commanded a much higher population-attributable risk for macrosomia than did gestational hyperglycemia. 17 Our study further extends this discussion by showing that both BMI before pregnancy and weight gain during pregnancy had a greater independent impact on the risk of excessive fetal growth than did glycemia in women without gestational diabetes.
This emerging concept regarding the relative importance of maternal obesity versus glycemia may hold implications for the current debate regarding the lowering of diagnostic thresholds for gestational diabetes on antepartum glucose tolerance testing. 26, 27 Specifically, among the additional women who will be identified as having gestational diabetes owing to this change, their mild glucose intolerance may play a comparatively modest role in determining risk of macrosomia. In this context, it may instead be more prudent to target maternal obesity, the prevalence of which has risen dramatically in recent years.
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Strengths and limitations A major strength of our analysis is that it evaluated simultaneously the effect of several maternal metabolic factors, including glucose tolerance, adiposity, and fasting levels of insulin, lipids, adipokines and inflammatory proteins. This approach enabled the assessment of the factors' independent associations with infant birth weight after adjustment for one another.
One limitation of our study is that we did not evaluate the high-molecular-weight form of adiponectin. Although total and high-molecularweight adiponectin are generally highly correlated, the high-molecular-weight form may be the specific maternal mediator affecting fetal growth. 28 Another limitation is that weight before pregnancy was determined by patient recall and hence may have been subject to bias. In addition, weight gain during pregnancy was determined only up to the time of the oral glucose tolerance test and not across the total length of gestation. However, the impact of this limitation should be modest, because changes in maternal weight in the first and second trimesters have been shown to have a much greater influence on birth weight than changes in the third trimester.
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Conclusion
Among women without gestational diabetes, the strongest metabolic determinant of macrosomia was maternal adiposity, as reflected by BMI before pregnancy and weight gain during pregnancy up to the time of the oral glucose tolerance test. Furthermore, after adjustment for these attributes, weight-related circulating factors (particularly leptin) emerged as negative independent predictors of having a large-for-gestational-age infant. In contrast, glucose intolerance and lipid levels had a modest effect in this cohort.
In the context of the current obesity epidemic, these data support the importance of targeting healthy body weight in young women as a strategy for reducing the risk of excessive fetal growth and infant macrosomia. Furthermore, these findings suggest that, in the care of overweight or obese women in pregnancy, closer monitoring of weight gain during pregnancy may be warranted.
